Cardiotoxicity of doxorubicin (DOX) remains an important health concern. DOX cardiotoxicity is cumulative-dose-dependent and begins with the first dose of chemotherapy. No biomarker for presymptomatic detection of DOX cardiotoxicity has been validated. Our hypothesis is that peripheral blood cells (PBC) gene expression induced by the early doses of DOX-based chemotherapy could identify potential biomarkers for presymptomatic cardiotoxicity in cancer patients. PBC gene expression of 33 breast cancer patients was conducted before and after the first cycle of DOX-based chemotherapy. Cardiac function was evaluated before the start of chemotherapy and at its completion. Differentially expressed genes (DEG) of patients who developed DOX-associated cardiotoxicity after the completion of chemotherapy were compared with DEG of patients who did not. Ingenuity database was used for functional analysis of DEG. Sixty-sevens DEG (P<0.05) were identified in PBC of patients with DOX-cardiotoxicity. Most of DEG encode proteins secreted by activated neutrophils. The functional analysis of the DEG showed enrichment for immune-and inflammatory response. This is the first study to identify the PBC transcriptome signature associated with a single dose of DOX-based chemotherapy in cancer patients. We have shown that PBC transcriptome signature associated with one dose of DOX chemotherapy in breast cancer can predict later impairment of cardiac function. This finding may be of value in identifying patients at high or low risk for the development of DOX cardiotoxicity during the initial doses of chemotherapy and thus to avoid the accumulating toxic effects from the subsequent doses during treatment.
Introduction
Doxorubicin (DOX), a commonly used anthracycline antibiotic for treatment of various malignancies may cause unpredictable cardiotoxicity [1] . DOX cardiotoxicity is cumulative-dosedependent and begins with the first dose, suggesting that assessment of the cardiac function in patients at early doses of chemotherapy can avoid permanent cardiac damage [2] . According to the American College of Cardiology guidelines, patients receiving chemotherapy are at increased risk of developing cardiac dysfunction [3] .
Evidence indicates that susceptibility to DOX cardiotoxicity is largely individual with some patients developing cardiomyopathy at doses of 200-400 mg/m 2 [3] , and others tolerating >1000 mg/m 2 [4] , suggesting the presence of a genetic predisposition.
Serial measurements of heart left ventricle ejection fraction (LVEF) is commonly used for cardiac monitoring during anthracycline treatment [5] , although the prognostic value of LVEF appears to be controversial [6] . In some studies cardiotoxicity was defined as LVEF decrease by absolute 10% and/or to below 55% [7] , in others cardiotoxicity was defined as a decrease below 45% [8] . A serious disadvantage of this test is the exposure to radioactivity along with the low predictability of pre-symptomatic cardiac damage [9] . Blood cardiac biomarkers, such as cardiac troponins and B-type natriuretic peptide (BNP) have been used in the diagnostics of heart failure [10] , but other diseases have also been associated with increased troponin release [e.g. acute pulmonary embolism [11] , and end-stage renal disease [12] and/or BNPs [e.g. end-stage renal disease [13] . Several studies failed to detect any correlation between concentrations of troponin and/or BNP and DOX-induced cardiotoxicity [14, 15] .
Our previous study showed a high similarity between the gene expression of heart and peripheral blood cells (PBCs) in a rat model of DOX-cardiotoxicity [16] , suggesting that PBC can be used as a surrogate tissue for assessing biomarkers of DOX cardiotoxicity. We hypothesize that PBC gene expression induced by the early doses of DOX-based chemotherapy could identify potential biomarkers for presymptomatic cardiotoxicity in cancer patients.
Materials and Methods

Study subjects and blood samples
Fifty-five women treated for breast cancer with DOX-based chemotherapy at the University of Arkansas for Medical Sciences were enrolled initially in an Institutional Review Boardapproved protocol with written informed consent for each patient. All patients were treated with a predefined protocol which included a combination of DOX (Adriamycin, 60 mg/m 2 ) with cyclophosphamide (600 mg/m
Ethics Statement
This study was carried out in accordance with the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the ethics committee of the University of Arkansas for Medical Sciences. All subjects signed an IRB approved informed consent where they were informed for the use of their blood samples and medical records for research purposes.
Assessment of LVEF as a measure of cardiac function
Cardiac function of the patients was assessed by a multigated acquisition (MUGA) scan before the start of DOX-treatment and at its completion. A decline of LVEF by >10% or below 50% was considered abnormal [17] .
Microarray gene expression and data analysis
The gene expression screen was performed using HumanHT-12 v4 Expression BeadChip array (Illumina, San Diego, California). Raw data were further analyzed using Illumina GenomeStudio software.
PBC gene expression data were log2 -transformed and gene transcripts with average log2-intensities >7 were considered to be expressed. We first compared baseline levels of gene expression between the two groups of patients, and then examined expression changes from baseline to after the first cycle of chemotherapy in each group of patients. The group-specific means for each group ("abnormal MUGA scan" and "normal MUGA scan") were analyzed via repeated-measures ANOVA for expression changes after DOX. Genes with p-value <0.05 were considered differentially expressed. To adjust for multiple testing, the Benjamini-Hochberg false discovery rate (FDR) was used [18] . Given our relatively small sample size, we chose to use a FDR corrected significance threshold P 0.1 which is commonly used in hypothesisgenerating, discovery-driven gene expression studies [19] .
Functional annotation
Functional network analysis was performed using Ingenuity Pathways Analysis System; http:// www.ingenuity.com) which identifies the most significant biological functions to a dataset based on the causal relationships previously reported in the literature.
QRT-PCR Validation
Quantitative real-time RT-PCR was used for evaluation and confirmation of the gene expression data. Total RNAs were reverse transcribed and cDNAs were amplified using Nugen Ovation RNA Amplification System V2 (NuGEN™ Technologies, San Carlos, CA). QPCR was performed using Taqman Universal Fast PCR master mix and specific primers for DEFA3, DEFA4, ELANE, ARG1, HP, CEACAM8, and 18S tRNA (Applied Biosystems, Foster City, CA). Data were analyzed using the 2-deltadelta Ct method. The Ct values of both the control and the samples of interest were normalized to 18S. DeltaCt was calculated as "deltaCt(gene) equals Ct(18S) minus Ct(gene)". DOX response was calculated as deltaCt "After DOX" minus deltaCt "Before DOX", and is in ddCt (delta-delta-Ct) units.
Results
Characteristics of study subjects
We have analyzed and compared PBC gene expression associated with one dose of DOX-based chemotherapy of 8 breast cancer patients who developed abnormal LVEF after the completion of chemotherapy and 25 breast cancer patients who did not. Patients' characteristics are provided in Table 1 .
Gene expression profile associated with a single dose of DOX-based chemotherapy
The volcano plots on Fig 1 show the probability that the gene is differentially expressed in a data of average 'before vs. after' one dose of DOX-based chemotherapy in all women (1A) and in the groups with normal (1B), and abnormal LVEF (1C). The analysis of the gene expression of PBC indicated that a single dose of DOX induced significant changes in the expression of 235 genes (fold change >1.5, FDR<0.1) ( Table 2 ). There were no significant differences between the gene expression of the two groups of patients (abnormal and normal LVEF) at baselines (P>0.05, FDR>0.1).
We have also compared the gene expression of the 33 patients divided into 3 age groups, each comprising 11 patients, 18-47 years (youngest), 48-55 years (mid-age) and 56-99 years (Table 3 ).
Gene expression profile in patients with abnormal decline of LVEF
The analysis of the expression profiling of PBC after one dose of DOX-based chemotherapy in women who developed abnormal LVEF after a full course of chemotherapy found 80 transcripts that differed >1.5-fold (p<0.05, FDR<0.1) from the baseline, 13 of which were shared with women with normal LVEF. Table 4 shows the unique DEG in patients with abnormal LVEF. Downregulation of TCL1A and FCRL was reported in breast cancer patients treated with several doses of DOX-based chemotherapy who developed cardiomyopathy [20] . Downregulation of CXCR5, which encodes chemokine expressed on B-cells could be explained with the depletion of B-cells in cancer patients treated with DOX-based chemotherapy [21, 22] . Lower expression of CD72 was detected in patients with systemic lupus erythematosus (SLE) and it correlated inversely with SLE disease activity [23] .
The top upregulated DEG in the "abnormal" dataset were genes encoding the alpha-defensins DEFA1-4 (HNP-1 to -4), which are secreted by activated neutrophils and are involved in involved in innate immune response [24] . Significantly upregulated were several other genes encoding proteins secreted by activated neutrophils and associated with inflammation, such as BPI (bactericidal permeability increasing protein), ELANE (neutrophil elastase), CTSG (neutrophil cathepsin) [25, 26] . ARG1 [27] which encodes arginase and HP which encodes haptoglobin [28] are involved in a variety of inflammatory diseases.The protein encoded by TNFAIP6 (tumor necrosis factor, alpha-induced protein 6) was found to be increased in the synovial fluid of patients with osteoarthritis and rheumatoid arthritis [29] .
The 67 uniquely altered DEG in the group of patients with abnormal decline of LVEF was analyzed using Ingenuity software. The most enriched "biological functions" of this dataset identified using Ingenuity software were "cell-to-cell signaling" (p-value = 1.40E-07-3.2E-02), "cellular movement" (p value = 2.23E-04-2.02E-02) and "cellular development" (p value = 2.85E-04-2.89E-03) (Fig 2) . In this category there were 8 molecules associated with "free radical scavenging" (p value = 8.26E-05-1.38E-03), which was expected, because one of the major mechanisms of DOX cardiotoxicity is oxidative damage. The most represented "diseases and disorders" were "connective tissue disorders" (p value 2.53E-12-2.57E-02), "inflammatory diseases" (p value = 2.53E-12-3.13E-02), "skeletal and muscular disorders" (2.53E-12-1.23E-02) and "immunological diseases" (p value = 5.59E-12-3.12E-02). Based on the curated literature data, an overlapping enrichment of molecules were identified in all of the top disease categories for rheumatic disease (RD), rheumatic arthritis (RA), SLE and infectious diseases. Multiple linked signaling pathways enriched for genes known to be involved primarily in inflammation and immunity were identified by Ingenuity in network 1 "Connective tissue disorder, Immunological disease, Inflammatory disease" which had 4 central nodes-NFKB, p38, ERK1/2 and AKT, all predicted to be upregulated (Fig 3A) . The central nodes in network 2 "Cellular movement, Hematological system development and function, Immune cell trafficking" were IFN-gamma, TGFB, ARG1 and IL-4 ( Fig 3B) .
QRT-PCR Validation
The results (Table 5 ) from QRT-PCR confirmed the upregulation of the selected genes in patients with abnormal LVEF in comparison with the patients with normal LVEF.
Discussion
DOX-based chemotherapy has greatly increased the number of long-term cancer survivors but has also led to an increasing number of patients experiencing DOX-induced cardiotoxicity [30] . Because there are no clinical methods for early detection of subclinical DOX cardiotoxicity, attempts to minimize cardiotoxicity include empiric DOX dose limitation or modification by risk factors, which pose a risk of premature discontinuation of effective anthracycline therapy. In addition, because of a wide individual variability in toxic anthracycline doses [31, 32] cardiotoxicity may occur at unexpectedly low doses. This is the first study to identify the PBC transcriptome signature associated with a single dose of DOX-based chemotherapy in cancer patients. We have identified a transcriptome signature associated with one dose of DOX-based chemotherapy which distinguished patients developing abnormal cardiac function after a full course of chemotherapy from those who maintained normal cardiac function. In addition, we have identified a gene expression profile associated with a single dose of DOX-based chemotherapy which distinguished older than younger patients. As PBC are a subset of white blood cells, it is not surprising that the immune system was identified as the first and the most affected responder to the systemic stress of DOX-based chemotherapy. It has been found that the hyper-activated innate immune responses, including cytokine production, augmentation of natural killer (NK) cell activity [33] , stimulation of cytotoxic T-lymphocyte (CTL) responses and augmentation of macrophages differentiation [34] , could contribute to the progression of congestive heart failure. The top most significantly upregulated genes in the group of patients with abnormal LVEF decline encode proteins secreted by activated neutrophils, such as alpha-defensins, cathelicidins, arginase, cathepsin G, elastase and haptoglobin. Neutrophils provide the first line of innate immunity and are the major effectors of inflammation associated with cardiovascular diseases [35, 36] . Several reports suggested the prognostic value of alpha-defensins [37] , cathepsin G [38] and arginase [39] in heart failure. Our results indicate that there is a correlation between the severity of DOX-associated cardiotoxicity and the levels of activated neutrophils in the PBMC fraction of peripheral blood of breast cancer patients. The presence of abnormal subset of low density neutrophils in PBMC preparations have been reported in a range of conditions such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and acute rheumatic fever [40, 41] , cancer [42] [43] [44] [45] , vasculitis [46] and asthma [47] , and their presence was correlated with disease activity. Several distinct features were identified in the low density neutrophils, such as different nuclear morphology, enhanced capacity to synthesize IFN I upon stimulation, higher expression of TNF-alpha, IL-6 and IL-8, and enhanced capacity to form neutrophil extracellular traps (NETs) [48, 49] . NETs are characterized as chromatin fibers associated to granular proteins that are released to the extracellular space in order to immobilize and kill invading microbes during a process of cell death termed "NETosis" [50, 51] . In addition to their antimicrobial role, recent evidence suggests that NETs can induce endothelial damage [52, 53] . Denny et al [54] characterized the phenotype of low density neutrophil subset in SLE patients and found that the low density neutrophils displayed an impairment in the phagocytic potential, had proinflammatory phenotype and induced vascular damage, indicating that they contribute to accelerated atherosclerosis and cardiovascular disorders observed in SLE patients. Because age-associated changes in DOX-induced gene expression has not been reported, we have compared the gene expression of the 33 patients divided into 3 age groups, 18-47 years (youngest), 48-55 years (mid-age), and 56-99 years (oldest). The results showed that a single dose of DOX-based chemotherapy resulted in 66 DEG in the oldest group of patients in comparison with the other two age-groups
The functional analysis of DEG in PBC of the subjects with abnormal cardiac function identified several linked pathways enriched for genes involved in inflammation and immunity and interconnected with NFKB, p38, ERK1/2, AKT, IFN-gamma, TGFB, ARG1 and IL-4, which were associated with ischemia [55] , cardiac hypertrophy [56] and chronic heart failure [57] . Consistent with these reports, we found an overlapping enrichment of molecules for chronic Ingenuity biological function analysis of DEG associated with 1 dose of DOX-based chemotherapy in patients with abnormal decline of LVEF at completion of chemotherapy. The most enriched "biological functions" of this dataset identified using Ingenuity software were "cell-to-cell signaling" (p-value = 1.40E-07-3.2E-02), "cellular movement" (p value = 2.23E-04-2.02E-02) and "cellular development" (p value = 2.85E-04-2.89E-03). The most represented "diseases and disorders" were "connective tissue disorders" (p value 2.53E-12-2.57E-02), "inflammatory diseases" (p value = 2.53E-12-3.13E-02), "skeletal and muscular disorders" (2.53E-12-1.23E-02) and "immunological diseases" (p value = 5.59E-12-3.12E-02).
doi:10.1371/journal.pone.0160224.g002 inflammatory disorder, rheumatic arthritis, systemic lupus erythematosus and systemic autoimmune syndrome.
In conclusion, the results from this study show for the first-time that: 1) PBC transcriptome signature associated with early doses of DOX-based chemotherapy has the potential to predict later impairment of cardiac function and can be used as a surrogate marker for DOX-induced cardiotoxicity, 2) individual sensitivity to a single low dose of DOX is associated with differential expression of several genes implicated in inflammatory response and immune trafficking; 3) there is an overlapping but distinctive age-related pattern of gene expression associated with a single dose of DOX-based chemotherapy. Table 5 . Results from QPCR of the target genes in breast cancer patients treated with DOX-based chempotherapy who developed abnromal decline in LVEF after the completion of chemotherapy.
Genes
Response differences ΔΔCt Units 95% Lower confidence limit 95% This finding may be of value in identifying patients at high or low risk for the development of DOX cardiotoxicity during the initial doses of chemotherapy and thus to avoid the accumulating toxic effects from the subsequent doses during treatment.
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